Abstract. This work describes a quality-by-design (QbD) approach to determine the optimal coating process conditions and robust process operating space for an immediate release aqueous film coating system (Opadry® 200). Critical quality attributes (CQAs) or associated performance indicators of the coated tablets were measured while coating process parameters such as percent solids of the coating dispersion, coating spray rate, inlet air temperature, airflow rate and pan speed were varied, using a design of experiment protocol. The optimized process parameters were then confirmed by independent coating trials. Disintegration time of coated tablets was not affected by the coating process conditions used in this study, while tablet appearance, as determined by measurement of tablet color, coating defects and gloss was determined to be a CQA. Tablet gloss increased when low spray rate and low percent solids were used, as well as with increased coating pan speed. The study used QbD principles and experimental design models to provide a basis to identify ranges of coating process conditions which afford acceptable product quality. High productivity, color uniformity, and very low defect levels were obtained with Opadry 200 even when using a broad range of coating process conditions.
INTRODUCTION
Film coating of pharmaceutical solid dosage forms has been a common practice for many decades. The application of an immediate release film coating provides many significant advantages to the dosage form; it protects the drug from light and moisture and allows easy identification by healthcare professionals and consumers. Film coatings also improve swallowability, taste masking, mechanical strength, and improve safety and ease of handling. Coatings have also been used for market branding and anticounterfeiting purposes (1) . Both film-coating formulations and coating process parameters are generally well understood. The ICH Pharmaceutical Development Q8 Guideline outlines the expectations of some regulatory agencies for the incorporation of quality-by-design (QbD) studies for new drug applications and abbreviated new drug applications. Here, a case study is used to illustrate the utilization of QbD principles to investigate the influence of film coating process parameters on some of the quality attributes of the coated tablet dosage form.
Considering that the critical quality attributes (CQAs) of a drug product are a function of both critical material attributes (CMAs) and critical process parameters (CPPs), film coatings can impact CQAs in two ways. First, the film coating formulation itself may have one or more CMAs. For immediate release, film-coated tablets (where no deliberate effort has been made to modify the API release rate), if the film coating color is carefully controlled by the manufacturer, and sound quality systems are in place to control the raw materials and manufacture of the coating formulations, then it is expected that the film coating formulation itself is low risk and does not represent any CMAs. The second way that a film coating may impact CQAs of the drug product is via the coating process, i.e., it may have one or more CPPs that significantly influence CQAs. For example, coating color development and uniformity may be significantly affected by coating process parameters such as tablet bed temperature, pan speed, and spray rate. Different coating parameters may be required to provide optimal coating performance for different film coating products. When coating Opadry® amb, a lower spray rate is used compared to other polyvinyl alcohol (PVA)-based film coatings systems to avoid surface defects due to its relatively tacky nature. Opadry II (PVA based) formulations can be coated at double the coating rate of Opadry amb and exhibit minimal coating defects. Leading suppliers of film coating formulations conduct coating process design of experiments to support process robustness for users and minimize the need for subsequent optimization work. For scale-dependent process parameters, it is prudent to re-evaluate the DoE upon significant increases in coating scale or when changing coating equipment.
Several models have been evaluated to facilitate the coating scale up process. Ebey (2) developed a thermodynamic model for the film coating process that showed tablet coating quality can be maintained at a variety of coating conditions and scales, provided equivalent environmental coating conditions are used which maintain coating drying rates. Macleod (3) evaluated the impact of atomizing air pressure and spray gun selection on coating performance and concluded that careful consideration must be given to maintaining equivalent spray properties when products move from development to production scale manufacture. Mueller (4) evaluated the impact of pan speed on tablet velocity at a variety of scales and found that at larger-scale manufacture, the angle of repose and tablet velocity in the pan was higher than would be indicated by simply scaling the peripheral velocity of the pan based on rpm. More recently, Pirpich (5) used a QbD approach to determine scale-up process parameters between different types of coating pans. They found that by utilizing thermodynamic and atomization film coating models, they were able to predict coating parameters and successfully scale-up manufacture of a varenicline immediate release tablet, while, Dubey (6) used laser-induced breakdown spectroscopy and a QbD approach to model lot to lot coating uniformity across a variety of coating conditions and batch sizes. They found that the main source of tablet to tablet variability was linked to the mixing limitations of the coating pan.
The objective of this study was to use a QbD approach to determine the optimal coating process conditions and identify a robust process operating space for application of an immediate release aqueous film coating system, Opadry 200.
METHODS AND MATERIALS

Study Design
The product attributes which include CQAs and performance indicators, and process parameters that were evaluated in this study are shown in Table I . A prioritization matrix was used to determine the relative importance of these CQAs and to select the process parameters which would have the largest impact on the CQAs. The prioritization matrix is shown in Table II , where the ranking of CQAs is shown across the top of the table, and the correlation factors for each process parameter are shown beneath.
Coating defects, appearance/gloss, coating time, color uniformity, and disintegration time were identified, based on prior knowledge, as CQAs to be evaluated. The perceived importance of the CQAs was weighted according to their impact on product quality. A prioritization score was calculated by multiplying the average process parameter score by the average CQA importance. The sum total for each process parameter/CQA was CFM cubic feet/min, rpm revolutions per minute used to determine the prioritization score for each process parameter. The equation used to determine this is shown below:
where Ps is the prioritization score, I is the average process parameter score, and O is the average CQA importance. The prioritization score was used to determine the relative rank of the process parameters to be included in the experimental design. Based on the prioritization score and prior knowledge (7), spray rate, inlet air temperature, air flow rate, percent solids, and pan speed were selected as the coating process parameters that would have the greatest impact on the product quality. Therefore, one experimental study design encompassing these product attributes and process parameters was developed.
Quality target product profiles (QTPPs) were developed based on relative ranking of the product attributes. In the first case study, the product attributes considered as having greatest importance and risk were coating defects, product appearance and coating time (productivity). In the second study, tablet appearance (gloss) and coating defects were considered most important. While in the third study, coating time (productivity), and coating defects were the focus.
Minitab software (Version 16; Minitab Inc., State College, USA) was used to develop a central composite-face centeredresponse surface design for the study using five input factors (resolution V). The study included a total of 32 coating trials (27 trials with two center point replicates and three noncenter point replicates). This response surface design was chosen, as it is a three-level design capable of detecting curvature in the data. This attribute is important when several of the input parameters are predicted to have interactions such as the relationship between spray rate, inlet temperature, air flow volume, and solids content. Using prior knowledge of the typical operating parameters of the coating pan, the process ranges were selected to define the range of experimental parameters as shown in Table III and the actual trial parameters used are listed in the experimental design matrix in Table IV .
Materials
Each coating batch consisted of 15 kg of 10 mm, round, biconvex placebo tablets (345 mg), and 600 g of Opadry 200 (Colorcon, West Point, USA) dispersed in a sufficient amount of deionized water to obtain the target percent solids level for each trial. The primary film former in the Opadry 200 formula used in this study was polyvinyl alcohol. The pigments were titanium dioxide and FD&C Blue #2 lake. Polyethylene glycol 3350 and talc were included as a plasticizer and detackifier, respectively.
Film Coating
A 24-in, fully perforated coating pan (Labcoat II, O'Hara Technologies Inc., Toronto, Canada), equipped with two spray guns (VAU, Spraying Systems Inc., Wheaton, USA), was used for all trials. Tablets were coated with the Opadry 200 blue coating system to a theoretical 4% weight gain. Atomization and pattern air pressures were each held constant at 1.7 bar (24.7 psi). Gun-to-bed distance was held constant at 16 cm (6.3 in). Tablets were heated to 50°C (±5°C), prior to initiating the coating process. Bed temperature was recorded during each coating run using a handheld infrared gun (MiniTemp FS, Raytek Corporation, Santa Cruz, USA).
Product Attribute Testing
Defects
At the end of each trial, samples were collected and assessed for the percentage of tablets having defects. For the purposes of this evaluation, a defect was defined as any instance where the coating was not contiguous, and the tablet core was exposed. Defects could be related to edge chipping, peeling, sticking, picking, or pin holes in the coating. The number of defects in a batch was determined by visual observation of 100 tablets, repeated four times per trial, and the average result reported.
Color Development and Uniformity
Film coated tablets were sampled during each trial at a theoretical 1%, 2%, 3%, and 4% weight gain and tested for color development and uniformity using a reflectance spectrophotometer (Datacolor, Datacolor Inc., Lawrenceville, USA) employing the Commission Internationale de l'Eclairage (CIE) L* a* b* system. The total color difference (ΔE) from the target reference color was determined by calculating the distance between two points in the color space using the following equation:
Tablets with 4% coating weight gain were regarded as a color standard for each trial, and all other weight gain samples were measured against this to calculate color difference ΔE and uniformity. Twenty tablets were tested from each batch for each theoretical weight gain to determine the color development versus the standard and also color uniformity within the sample.
Gloss
Forty film coated tablets with a 4% weight gain of Opadry 200 from each trial were analyzed for gloss using a gloss meter (Tricor Systems Inc., Elgin, USA). Results were reported in gloss units.
Disintegration Time
Disintegration time was tested following the standard USP method in deionized water at 37°C, and the average result was determined from six tablets per trial.
RESULTS AND DISCUSSION
Defects
Evaluation of defects indicated that only nine coating trials exhibited defects, and, of those nine, only four trials had a mean defects value of greater than 1% (Table V) . The trials indicated that even when a wide range of coating parameters were applied, the number of defects observed with the film coating was minimal.
The model coefficients for the top five process parameters or parameter interactions that impacted defects are shown in Fig. 1 . In general, it was determined that process conditions leading to overwetting or spray drying resulted in the most tablet defects. Increased spray rate, reduced air flow and decreasing inlet temperature all have the tendency to increase the likelihood of overwetting the tablet bed. Air flow had the largest model coefficient for defects, which, being negative indicated that as air flow increased, the number of defects was reduced. At low air flow rates, the tablet bed became wet leading to defects associated with sticking and picking. The interaction of air flow and inlet temperature had a positive coefficient indicating that the number of defects increased under the interaction of these parameters. Tablet defects decreased when air flow rate was increased and when spray rate and air flow rate were simultaneously increased. Tablet defects increased when spray rate was increased and when either inlet temperature and air flow rate or percent solids and pan speed were increased simultaneously.
Coating trials 11 and 29 exhibited 100% defects. These trials were conducted under conditions where significant overwetting of the tablet bed occurred due to a combination of low inlet air temperature, high spray rates and low air flow. Figure 2 shows that, under most coating conditions, less than 1% defects were observed. Figure 3 shows the relationship between inlet air temperature, airflow and tablet bed temperature. By comparing Figs. 2 and 3 , it can be seen that coating with a bed temperature of less than 33°C corresponds to observation of greater than 1% defects.
In Fig. 4 , tablets from Trial 11, coated at a bed temperature of 22°C, are compared to those from Trial 19, coated with a bed temperature of 33°C and Trial 12, which represents the center point of the experimental design with a bed temperature of 47°C. The tablets coated with a bed temperature of 33°C had no defects and equivalent visual appearance and color uniformity to that of the coating trial with a bed temperature of 47°C. The wide range of acceptable bed temperatures indicates the robust nature of the product.
Color Development and Uniformity
Color development and color consistency throughout the batch provides a visible indication of quality and uniformity of the applied coating. At 4% weight gain, all coating trials gave excellent color uniformity with the exception of trials 11 and 29, which as previously described, had a low bed temperature and led to tablet sticking and non-uniform tablet appearance. Figure 5 shows the tablet color development data for all coating trials, represented as color difference (ΔE) versus the reference at 4% weight gain and color uniformity between tablets in each sample set.
The visible color difference limit in this study is specific to the blue color tablets used. The color uniformity for each sample is indicated by the error bars, which shows that, after a 1% weight gain, there is minimal variability in tablet color. From a product quality perspective, all samples (except 11 and 29) with greater than 2% coating weight gain were visually equivalent based on color, indicating that color development and uniformity is robust across a wide range of coating process parameters. However, it should be noted that other functional attributes such as moisture barrier performance may necessitate additional coating weight gain.
Gloss
Surface gloss is a key aesthetic product attribute. The gloss results indicated that all the coating trials (except runs 11 and 29) produced tablets with gloss values of greater than 81 gloss units. The top 5 process parameters and interactions within the model that impacted gloss are shown in Fig. 6 . Gloss has been correlated to surface smoothness, so conditions which prolong or increase frictional forces tend to favor gloss development. Therefore, gloss increased when spray rate and percent solids were decreased. This combination of process parameters led to a wetter tablet bed which i n c r e a s e d t h e s u r f a c e t a c k i n e s s o f t h e c o a t i n g and corresponding tablet to tablet friction. Gloss also increased when pan speed increased since tablet tumbling and cumulative tablet-to-tablet and tablet-topan contact increased under this condition. Gloss was further increased when air flow rate was increased, as a consequence of increased surface drying and the increased tendency for sliding of tablets in the coating pan.
The relationship between gloss and process parameters can be further observed in Figs. 7 and 8 , which show contour plots where gloss is shown to increase under the influence of slower spray rate, higher pan speed, and lower percent solids.
Disintegration Time
Tablet disintegration was consistent across all coating trials, except for 11 and 29, where significant overwetting occurred and inconsistent coating thickness resulted in thick accumulations of film coating material which remained in the basket after the tablet had fully disintegrated. The film coating remnants for trials 11 and 29 were observed to dissolve after 570 and 492 s, respectively. Disintegration times for all other coating trials were less than 360 s. Excluding these two trials, the disintegration time of all samples was very consistent, giving a mean increase in disintegration time versus the uncoated core of 120 s. This can be seen in Fig. 9 . Therefore, unless extreme coating conditions were used, disintegration time was essentially equivalent regardless of variation in coating process parameters. 
Case Studies
When developing the Quality Target Product Profile (QTPP) for a coated product, it is essential to identify and rank the relative risk associated with each product attribute on overall product suitability. The QTPP is then used to help identify the coating process parameters necessary to meet the product requirements and outline a robust operating space where minor changes in process parameters will have no significant impact on overall product quality. For each case study, a prioritization matrix approach was used to rank the relative importance of each product attribute and assign a risk factor.
Case Study 1-Overall Suitability
In this first case study, defects, disintegration time, and coating time were considered the most important product attributes. The optimization criteria and ranking of these product attributes based on risk are shown in Table VI. Using the above criteria, the empirical data derived from the experimental design was interrogated to identify the process parameters required to meet the QTPP. The optimized process parameters and those used in a confirmation trial are shown in Table VII .
Using the process parameters from Table VII, the predicted and actual performance indicator values for the coated product were obtained and are shown in Table VIII . The predicted performance indicators and actual experimental values correspond well and support the use of the data to further predict the influence of process parameters on product attributes (Table VIII) .
In addition to identifying the optimal process parameters, it is also possible to identify a process operating space where the ranges of process parameters yielding the desired product attributes are identified. The impact of varying inlet temperature and air flow within acceptable ranges on the product performance is shown in Fig. 10 . The acceptable operating space where all critical quality attributes were met is shown as the white area in Fig. 10 , while the location of the optimized process parameters from Table VII are indicated by an X. The spray rate, percent solids, and pan speed are fixed at center point values in Fig. 10 , but a wide range of inlet and air flow values provided an acceptable quality product based on the QTPP criteria.
Case Study 2-Optimized Appearance
Based on the observation that disintegration time does not change significantly under different coating process conditions, a second case study was developed where the QTPP criteria were adjusted such that defects and tablet appearance (gloss) were considered most significant. The optimization criteria and ranking of product attributes are shown in Table IX. Using the above criteria and empirical data derived from the experimental design, the process parameters that provided the optimal results were identified and are shown in Table X. Using these process parameters, the predicted performance indicator values for the product are shown in Table XI . Changing the QTPP criteria clearly had a significant impact on the predicted, optimal process parameters compared to the previous case study. In this case, the requirement for high gloss led to optimized process parameters with reduced solids, higher pan speed and lower spray rates. The impact of varying inlet temperature and air flow within approved ranges on the product performance can be seen in Fig. 11 .
A wide operating range of inlet temperatures and air flow was identified with only bed temperature defining the acceptable range, indicating a robust process under these coating conditions. While this set of coating conditions led to the glossiest tablets with no indication of defects in the operating space, the coating time to prepare these tablets was over double that employed in case study 1.
Case Study 3-Optimized Coating Productivity
In this third case study, the QTPP criteria were adjusted such that defects and coating productivity (i.e. coating time) were considered the highest risk product attributes. The optimization criteria and ranking of product attributes are shown in Table XII . Using the above criteria and empirical data derived from the experimental design, the process parameters that were predicted to provide optimal results were identified and shown in Table XIII . Using these process parameters, the predicted product attribute values for the product are shown in Table XIV . The impact of varying inlet temperature and air flow within approved ranges on the product performance is shown in Fig. 12 .
In this case study, the coating time was reduced to 34 min through the use of high solids, high spray rate, and high inlet temperature. While a large operating space was identified, it was noticeably shifted to higher inlet temperatures and air 
